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Subunit-specific functions governing the synaptic de-Cambridge, Massachusetts 02139
livery of AMPA receptors have been uncovered by ele-
gant electrophysiological assays in hippocampal slice
cultures (Hayashi et al., 2000; Shi et al., 2001; Zhu etSummary
al., 2000) and corroborated by cell biological studies in
dissociated cultures (Passafaro et al., 2001). GluR1 isRemoval of synaptic AMPA receptors is important for
the key subunit that “drives” AMPA receptors to thesynaptic depression. Here, we characterize the roles
surface and to synapses in response to NMDA receptorof individual subunits in the inducible redistribution of
stimulation and activation of CaMKII, resulting in synap-AMPA receptors from the cell surface to intracellular
tic potentiation. GluR2 on the other hand is deliveredcompartments in cultured hippocampal neurons. The
constitutively to synapses, replacing existing receptorsintracellular accumulation of GluR2 and GluR3 but not
with no change in synaptic strength. In heteromeric re-GluR1 is enhanced by AMPA, NMDA, or synaptic activ-
ceptors, GluR1 acts “dominantly” over GluR2, whereasity. After AMPA-induced internalization, homomeric
GluR2 acts dominantly over GluR3 (Shi et al., 2001).GluR2 enters the recycling pathway, but following
Thus, in the hippocampus, it is believed that GluR1/2NMDA, GluR2 is diverted to late endosomes/lyso-
heteromers are delivered to synapses during activity-somes. In contrast, GluR1 remains in the recycling
dependent synaptic potentiation, such as LTP, whereaspathway, and GluR3 is targeted to lysosomes regard-
GluR2/3 heteromers cycle continuously between theless of NMDA receptor activation. Interaction with NSF
postsynaptic membrane and intracellular compartments.plays a role in regulated lysosomal targeting of GluR2.
In contrast to synaptic delivery, little is known aboutGluR1/GluR2 heteromeric receptors behave like GluR2
the roles of individual subunits in the removal of AMPAhomomers, and endogenous AMPA receptors show
receptors from synapses. Earlier studies on endogenousdifferential activity-dependent sorting similar to ho-
AMPA receptors suggest that both GluR1- and GluR2-momeric GluR2. Thus, GluR2 is a key subunit that con-
containing receptors can undergo inducible internaliza-trols recycling and degradation of AMPA receptors
tion upon stimulation with AMPA, NMDA, or insulin (Linafter internalization.
et al., 2000; Beattie et al., 2000; Ehlers, 2000; Lee et al.,
2002), but GluR1 and GluR2 are often coassembled inIntroduction
the same heteromeric receptor, so these studies could
not distinguish their subunit-specific roles in endocy-Fast excitatory synaptic transmission in the mammalian
tosis.brain is mediated primarily by AMPA-type glutamate
After endocytosis, AMPA receptors undergo endoso-receptors (Dingledine et al., 1999). Recently, the dy-
mal sorting like any other internalized membrane pro-namic redistribution of AMPA receptors in and out of
tein—ultimately, they can be recycled back to the sur-synapses has emerged as an important mechanism for
face membrane or degraded in lysosomes (Ehlers, 2000;
certain forms of long-lasting synaptic modification. In
Lin et al., 2000; Gruenberg, 2001). However, it is not
the hippocampal CA3-CA1 synapse, net delivery of
known whether the endosomal sorting of AMPA recep-
AMPA receptors to the postsynaptic membrane leads tor depends on subunit composition or how activity
to long-term potentiation (LTP), whereas net removal might affect the intracellular fate of specific subunits.
of AMPA receptors by internalization from the surface One caveat of AMPA receptor internalization studies
seems to underlie long-term depression (LTD) (Bredt is that, due to technical reasons, the quantitation of
and Nicoll, 2003; Malinow and Malenka, 2002; Barry and “internalization” (e.g., by surface biotinylation or anti-
Ziff, 2002; Song and Huganir, 2002; Sheng and Lee, body feeding assays) does not strictly measure endocy-
2001). tosis per se but rather the amount of surface receptors
AMPA receptors are heterotetrameric complexes that have internalized and that remain in intracellular
composed of various combinations of four subunits compartments. Because AMPA receptors cycle rapidly
(GluR1-4). In the adult hippocampus, two major sub- between intracellular and plasma membranes, the
types of AMPA receptors exist that contain either GluR1 amount of internalized receptor is strongly affected by
and GluR2, or GluR2 and GluR3 subunits (Wenthold et the rate of recycling to the surface as well as by the rate
al., 1996). GluR4 is mainly expressed early in develop- of endocytosis. Therefore, we favor the terms “redistri-
ment (Zhu et al., 2000). Individual AMPA receptor sub- bution to intracellular compartments” or “intracellular
units interact via their cytoplasmic tails with different accumulation” rather than “internalization” to signify the
sets of proteins (Malinow and Malenka, 2002; Sheng amount of surface receptor that is redistributed to inter-
nal pools. Insofar as it reflects a shift from surface to
intracellular compartments, the measure of intracellular*Correspondence: msheng@mit.edu
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Figure 1. Steady-State Levels of Surface and Intracellular HA-Tagged AMPA Receptor Subunits
(A) Representative double-label images of surface (green) and intracellular (red) staining of HA-tagged GluR1, GluR2, or GluR3 in transfected
hippocampal neurons. Merge is shown in color, individual channels in grayscale.
(B) Quantitation of surface and intracellular fluorescence intensities of HA-GluR1, -GluR2, and -GluR3 normalized to HA-GluR2. Histograms
show mean  SEM (n  15 cells for each subunit).
(C) Immunostaining pattern of total endogenous GluR1, GluR2, and GluR3.
(D) Double-label images (with color merge) of dendritic staining for total endogenous GluR1 and GluR2 (top panels), or GluR3 and GluR2
(middle panels). Synaptic localization of GluR3 clusters is shown by costaining with the presynaptic marker Bassoon in bottom panels.
accumulation of internalized receptors is still relevant homomeric receptors in transfected neurons (Osten et
al., 2000; Shi et al., 2001). At DIV19 (5 days after transfec-to removal of AMPA receptors from the synapse.
In this report, we investigate the subunit rules that tion), HA-tagged GluR1 and GluR2 subunits were well
expressed on the neuronal surface and enriched in den-govern the activity-dependent redistribution of surface
AMPA receptors to intracellular compartments and that dritic spines (Figure 1A). There was also considerable
staining for intracellular HA-GluR1 and HA-GluR2 (Figuredetermine the intracellular sorting of receptors after they
are internalized. In contrast to inducible synaptic deliv- 1A). The surface and intracellular expression levels were
similar for HA-GluR1 and -GluR2, as measured by anti-ery, where GluR1 plays the key role, the GluR2 subunit
is the primary determinant of inducible intracellular ac- HA immunostaining (Figure 1B).
Even though expressed from the same vector, thecumulation of AMPA receptors. GluR2 controls the post-
endocytic trafficking of internalized AMPA receptors to level of surface HA-GluR3 immunostaining was signifi-
cantly lower (50%) than that of HA-GluR1 and -GluR2either recycling or lysosomal degradation pathways, at
least in part dependent on its interaction with NSF. (Figures 1A and 1B). More strikingly, relatively little intra-
cellular HA-GluR3 staining was observed; the surface/
intracellular ratio of HA-GluR3 was 5-fold higher thanResults
HA-GluR1 or HA-GluR2 (Figures 1A and 1B). To corrobo-
rate this unexpected difference, we compared the distri-Differential Distribution of GluR3
To study the internalization and subsequent intracellular butions of endogenous GluR1, GluR2, and GluR3. For
GluR3 staining, we used a new GluR3-specific rabbittrafficking of specific AMPA receptor subunits, we over-
expressed HA-tagged GluR1, GluR2, or GluR3 in cul- antibody prepared against an extracellular epitope of
this subunit (see Experimental Procedures). Undertured hippocampal neurons. Such overexpression of in-
dividual subunits has been shown to favor assembly of membrane-permeabilized conditions (thus showing to-
AMPA Receptor Endosomal Sorting
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Figure 2. Agonist-Induced Intracellular Accumulation of Surface-Labeled Homomeric AMPA Receptors
HA-tagged GluR1, GluR2, or GluR3 was transfected into hippocampal neurons, and their intracellular accumulation after internalization was
measured by fluorescence-based antibody feeding assay. (A) Representative images of neurons stained for surface and internalized HA-
tagged subunit, following 10 min incubation in conditioned medium (Control) or 2 min incubation in conditioned medium containing either
100 M AMPA plus 50 M APV (AMPA) or 50 M NMDA (NMDA) followed by additional 8 min in conditioned medium. (B) Quantitation of
intracellular accumulation assays, measured as the ratio of internalized/total fluorescence (internalization index), normalized to GluR2 10 min
control. Histograms show mean  SEM (n  15–20 for each condition). ***p  0.001 compared with control 10 min. (C) Activity-independent
constitutive intracellular accumulation of GluR1 homomers. Histograms show the internalization index for HA-GluR1 measured after 10 min
in the absence (Control) or presence of 2 M tetrodotoxin (TTX), 100 M APV, 50 M CNQX, or 5 M nimodipine. (D) Representative images
of neurons stained for surface and internalized HA-tagged GluR1 or GluR2, following 40 min incubation in conditioned medium (Control) or
in conditioned medium containing 40 M bicuculline (Bic). (E) Quantitation of intracellular accumulation of homomeric HA-GluR1, -2, or -3
induced by 40 M bicuculline for 15 min or 40 min. ***p  0.001, **p  0.01, compared with control.
tal receptor distribution), endogenous GluR1 and GuR2 contrast to GluR1 and GluR2, there was little GluR3
staining in neuronal cell bodies or dendritic shafts (Fig-showed diffuse staining in the soma and dendritic shafts
(reflecting in part the intracellular pool of these subunits) ures 1C and 1D). This was particularly obvious when
comparing GluR2 and GluR3 distributions directly byas well as brighter spine-associated clusters (Figures 1C
and 1D). Endogenous GluR3 also appeared as clusters double labeling of the same neuron (Figure 1D, middle).
Taken together, the staining of exogenous and endoge-concentrated in dendritic spines, colocalizing with the
presynaptic marker Bassoon (Figure 1D, lower). But in nous subunits indicates that GluR3 differs from GluR1
Neuron
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Figure 3. Time Course of AMPA Receptor Subunit Intracellular Accumulation Following Internalization
(A) Time course of basal intracellular accumulation (solid lines) of HA-GluR1 (blue ), HA-GluR2 (green ), HA-GluR3 (red ), and of AMPA-
stimulated internalization of HA-GluR2 (green , dotted line) measured by quantitative immunofluorescence as in Figure 2. Each data point
represents mean  SEM (n  15–20 for each subunit and time point).
(B) Theoretical curves for the time course of intracellular accumulation based on single exponential association kinetics assuming that the
endocytosis rate is 5% (green line), 10% (black line), or 20% (red line) of surface receptors/min and that the recycling rate is 0% (), 5% (),
10% (), or 20% () of internalized receptors/min.
or GluR2 in being proportionately less intracellular and toxin (2M), APV (100M), CNQX (50M), or nimodipine
(5 M) (Figure 2C).more synaptic in distribution.
Synaptic excitation induced by the GABA(A) receptor
antagonist bicuculline (40M) produced essentially sim-Intracellular Accumulation of Individual AMPA
ilar results as those elicited by bath application of NMDAReceptor Subunits after Internalization
or AMPA. Bicuculline stimulated the intracellular accu-We used the fluorescence-based “antibody feeding”
mulation of internalized GluR2 and GluR3 homomericassay (Lin et al., 2000; Lee et al., 2002; see Experimental
receptors (measured at 15 min and 40 min after additionProcedures) with HA antibodies to measure the degree
of bicuculline) but did not change GluR1 intracellularof intracellular accumulation of endocytosed HA-GluR
accumulation significantly (Figures 2D and 2E).subunits in live transfected neurons (Figure 2A). In brief,
surface GluR subunits tagged with an extracellular HA
epitope were first “pulse labeled” on live neurons with Time Course of Subunit Redistribution
to Intracellular Compartmentsa short exposure to a high concentration of HA antibody
in the medium. Subsequently, the accumulation of anti- The degree of intracellular accumulation measured at
any time point (e.g., 10 min) actually reflects the balancebody-bound receptor in intracellular compartments and
the amount of antibody-bound receptor remaining on between endocytosis of surface-labeled receptors and
the recycling of internalized receptors back to the cellthe surface were tracked by quantitative immunofluores-
cence staining under permeabilizing versus nonpermea- surface during this time period. To obtain a more dy-
namic picture of GluR redistribution from surface to in-bilizing conditions. We measured the ratio of intracellular
fluorescence/total fluorescence (“internalization index”) to tracellular compartments, we measured the time course
of subunit intracellular accumulation under basal condi-control for variable expression levels of GluR subunits
in different neurons. tions (i.e., during constitutive internalization). In cultured
hippocampal neurons (3 weeks in vitro), the amountDuring a 10 min period following surface HA labeling,
HA-GluR1 showed the highest degree of intracellular of intracellularly accumulated HA-GluR1 and HA-GluR2
as a fraction of total fluorescence increased rapidly overaccumulation of internalized receptors in basal condi-
tions (3-fold greater than GluR2) (Figures 2A and 2B). several minutes and reached a plateau level 10 min
after surface labeling of the receptors (Figure 3A). TheThe amount of intracellularly accumulated HA-GluR1 in
10 min did not increase upon treatment with AMPA (100 plateau level of GluR1 intracellular accumulation was
higher than that of GluR2. HA-GluR3 showed a surpris-M, in the presence of 50 M APV) or NMDA (50 M).
The level of intracellular accumulation of GluR2 following ing time course, in which intracellular accumulation of
surface-labeled receptor reached its maximum at 4 minconstitutive internalization was lower than GluR1, but in
contrast, it was increased2-fold after stimulation with but then gradually declined to very low levels by 20 min
(Figure 3A). The gradual decrease in intracellular levelAMPA or NMDA (Figure 2B). Similar to GluR2, GluR3
displayed a relatively low internalization index at 10 min of surface-labeled HA-GluR3 correlates with lysosomal
targeting of the internalized GluR3 subunit (see below).in basal conditions, which was significantly enhanced
by AMPA or NMDA. Thus, intracellular accumulation of To help interpret the time course data for the intracel-
lular accumulation of GluR subunits, we plotted theoreti-internalized GluR2 and GluR3 but not GluR1 is inducible
by glutamate receptor stimulation. cal curves based on single-phase exponential associa-
tion kinetics for hypothetical membrane proteins thatThe intracellular accumulation of constitutively inter-
nalized GluR1 is unlikely to be due to spontaneous activ- have different rates of endocytosis from the surface
and/or different rates of recycling back to the surfaceity in the culture, because it was unaffected by tetrodo-
AMPA Receptor Endosomal Sorting
225
(Figure 3B). Given the same endocytosis rate of 10% of explain why intracellular accumulation of GluR1- and
GluR2-containing endogenous receptors is stimulatedsurface receptors/min, a recycling rate of 10% internal-
ized receptors/min (black triangles) naturally produces by NMDA and AMPA (Lin et al., 2000; Beattie et al.,
2000; Ehlers, 2000; Lee et al., 2002). The intracellulara lower plateau value for internalized/total receptor (in-
ternalization index) than in the absence of recycling accumulation behavior of HA-GluR3 cotransfected with
Myc-GluR2 was similar to homomeric GluR2 and homo-(black circles), with little difference in the initial slopes
of the curves. On the other hand, a faster endocytosis meric GluR3 (Figures 4A and 4B).
rate of 20%/min with the same recycling rate of 10%/
min (red triangles) produces a steeper initial slope but
Cytoplasmic Tails of AMPA Receptors Determineapproximately the same steady-state level in the intra-
Regulated Intracellular Accumulationcellular accumulation curve (Figure 3B, compare red and
To define the domain of GluR2 that is responsible for itsblack triangles). Thus, the plateau level of intracellularly
inducible intracellular accumulation, we tested chimericaccumulated receptors depends primarily on the recy-
constructs between GluR2 and GluR1 in hippocampalcling rate, whereas the endocytosis rate determines the
neurons. A GluR2 construct whose cytoplasmic tail isinitial slope of the curve but has relatively little effect
replaced by the longer tail of GluR1 (termed GluR2/1ct)on the plateau level.
behaved essentially like GluR1, in that it showed a highComparison of the experimental and theoretical
basal level of intracellular accumulation at 10 min (Figurecurves (Figure 3A versus 3B) suggests that GluR2 rapidly
5A) and was uninducible by AMPA stimulation (Figuresrecycles back to the surface after endocytosis, and thus
5B and 5C). The complementary chimera in which thethe intracellular accumulation level of GluR2 quickly
cytoplasmic tail of GluR1 is replaced by the tail of GluR2reaches steady state at a low value. On the other hand,
(GluR1/2ct) was similar to GluR2 in both basal andthe relatively high plateau level of intracellularly accumu-
AMPA-induced intracellular accumulation (Figures 5A–lated GluR1 suggests that GluR1 recycles more slowly
5C). We conclude that the C-terminal cytoplasmic tail ofthan GluR2, thereby leading to a greater accumulation
GluR2 determines inducible intracellular accumulationof intracellular GluR1 at steady state.
and is sufficient to confer this property upon the GluR1Stimulation with AMPA shifted the GluR2 internaliza-
subunit. Because the cytoplasmic tails of GluR2 andtion curve upward, leading to an increased plateau level
GluR3 are highly similar in sequence, it is likely thatof intracellular GluR2 (Figure 3A; green open circles).
the inducible intracellular accumulation of GluR3 alsoThis result suggests that AMPA stimulation promotes
depends on its cytoplasmic tail. Moreover, these tail-intracellular accumulation of GluR2 by slowing down the
swapping data rule out the possibility that the elevatedrecycling of this subunit. It is also possible that AMPA
constitutive intracellular accumulation of GluR1 is dueincreases the rate of GluR2 endocytosis. Due to techni-
to the Ca2 permeability of homomeric GluR1 channels.cal reasons, however, it is difficult to measure internal-
ization within the first minute or two of the antibody
feeding assay; therefore, we cannot confidently mea- Differential Sorting of AMPA Receptor Subunits
sure the initial slope of the internalization curve and Following Endocytosis
cannot deduce the true rate of endocytosis of the indi- After endocytosis, does the sorting pathway and fate of
vidual subunits. Nevertheless, these data indicate that AMPA receptors depend on their subunit composition?
the rate of recycling is an important factor in controlling To investigate the subunit rules that govern endosomal
the intracellular accumulation of internalized AMPA re- sorting of AMPA receptors, we followed HA-tagged pre-
ceptors and hence in the regulation of relative distribu- sumptive homomeric receptors after endocytosis and
tion of receptors between surface and internal pools. measured the degree of their colocalization with mark-
ers of specific endosomal compartments by quantitative
immunofluorescence.GluR2 Is Dominant over GluR1 in Receptor
Redistribution to Intracellular Compartments We examined early endosomal antigen-1 (EEA1), syn-
taxin-13, and lysosome-associated membrane proteinIn the adult hippocampus, GluR2 is usually assembled
with GluR1 or with GluR3 in heteromeric AMPA recep- 1 (Lamp1). EEA1 is a marker for early endosomes, where
endocytic vesicles first fuse after uncoating of clathrintors (Wenthold et al., 1996). We therefore measured the
intracellular accumulation of endocytosed heteromeric and where endosomal sorting begins (Gruenberg, 2001).
EEA1 immunostaining in neurons showed a punctatereceptors in neurons cotransfected with two different
subunits (tagged with HA or Myc) (Figure 4). When co- vesicular pattern, extending throughout the dendritic
tree but concentrated in soma and proximal dendritestransfected with Myc-GluR2, HA-GluR1 showed a re-
duced level of intracellular accumulation after constitu- (Figure 6A and data not shown). Syntaxin-13 is concen-
trated in recycling endosomes, with partial overlap withtive internalization at 10 min that was comparable to
that of HA-GluR2 homomers. More importantly, when early endosomes, and has been shown to colocalize
extensively with transferrin receptors and intracellularcoexpressed with Myc-GluR2, intracellular accumula-
tion of HA-GluR1 became inducible by AMPA and NMDA AMPA receptors (Prekeris et al., 1999; Lee et al., 2001).
Syntaxin-13 antibodies produced round or polymorphic(Figures 4A and 4B). Since GluR1 by itself does not
exhibit this behavior, the result implies that GluR2 con- tubulovesicular staining patterns, distributed in soma,
dendrites, and axons (Figure 6A, data not shown; Pre-fers inducible intracellular accumulation upon GluR1/
GluR2 heteromeric receptors. Thus, GluR2 is dominant keris et al., 1999). Lamp1 is a marker for the late-endo-
some/lysosome, where membrane proteins are sortedover GluR1 in control of AMPA receptor redistribution
from surface to intracellular compartments. This can for degradation. Lamp1 staining produced large round
Neuron
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Figure 4. GluR2 Is Dominant over GluR1 for
Intracellular Accumulation of Heteromeric
AMPA Receptors
HA-tagged GluR1 or GluR3 was cotransfected
with myc-tagged GluR2 into hippocampal
neurons, and their intracellular accumulation
was measured using the HA antibody feeding
assay. Cotransfection was verified by myc
and HA staining. (A) Representative images of
neurons stained for surface and internalized
HA-tagged subunit, following 10 min incuba-
tion in conditioned medium (Control) or 2 min
incubation in conditioned medium containing
50 M NMDA (NMDA) followed by an addi-
tional 8 min in conditioned medium. (B) Quan-
titation of intracellular accumulation assays.
Asterisk in heteromeric combinations indi-
cates the subunit measured. Histograms
show meanSEM (n 15–20 for each condi-
tion). ***p  0.001 compared with control 10
min; **p 0.01 compared with control 10 min.
puncta that were mostly found in soma and major den- syntaxin 13-positive recycling endosomes following
AMPA stimulation. Following NMDA treatment, how-drites (Figures 6A and 6C, bottom panels).
Following AMPA treatment, internalized HA-GluR1 ever, colocalization of internalized HA-GluR1 with syn-
taxin-13 reached a peak at 10 min and then decreasedshowed the most colocalization with syntaxin-13, in-
creasing over 30 min to reach50% (Figure 6B middle). slightly, instead of continuing to rise till 30 min, as with
AMPA stimulation (Figures 6C and 6D). A possible expla-The results are consistent with GluR1 passing through
EEA1-positive early endosomes and accumulating in nation is that NMDA stimulation promotes the recycling
AMPA Receptor Endosomal Sorting
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Figure 5. Cytoplasmic Tail Determines Intracellular Accumulation of Internalized AMPA Receptors
Tail-swap chimeras between HA-GluR1 and HA-GluR2 were tested for their intracellular accumulation following internalization. (A) Representa-
tive images of neurons showing intracellular accumulation of GluR1, chimeric GluR1 having GluR2 cytoplasmic tail (GluR1/2ct), chimeric GluR2
having GluR1 cytoplasmic tail (GluR2/1ct), and GluR2, after 10 min control incubation. (B) Intracellular accumulation of GluR1/2ct and GluR2/
1ct after AMPA treatment. (C) Quantitation of intracellular accumulation assays. Histograms show mean SEM (n  15–20 for each condition).
of internalized HA-GluR1 from syntaxin 13-positive en- green line). These data suggest that internalized GluR2
is sorted to late endosomes/lysosomes in response todosomes to the neuronal surface. Internalized HA-GluR1
did not show significant colocalization (10%) with NMDA but not AMPA stimulation.
Internalized HA-GluR3 reached a peak of colocaliza-Lamp1 at any time during the first hour following either
AMPA or NMDA treatment. (In these experiments, 10% tion with EEA1 (40%) at 10 min following either AMPA
or NMDA stimulation and then declined sharply by 30colocalization can be considered background.)
Following AMPA stimulation, the colocalization of in- min, suggesting a net exit from early endosomes from
10 to 30 min (Figures 6B and 6D). Specifically, followingternalized HA-GluR2 with syntaxin-13 reached a plateau
level (30%) by 10 min (Figure 6B, middle). Thus, inter- NMDA-induced internalization, GluR3 colocalization
with syntaxin-13 fell sharply after peaking at 10 min atnalized HA-GluR2 did not accumulate in the syntaxin-13
compartment through 30 min like HA-GluR1 in AMPA- 45% (Figure 6D, middle). These results suggest that
NMDA stimulation causes a net exit of internalizedstimulated neurons, consistent with the idea that inter-
nalized GluR2 transits more rapidly through these recy- GluR3 from recycling endosomes during the 10–30 min
period. Internalized HA-GluR3 showed increasing colo-cling endosomes back to the surface.
Like GluR1, internalized HA-GluR2 showed only slight calization with Lamp1 over the time course of 1 hr, re-
gardless of whether internalization was induced bycolocalization with Lamp1 following AMPA treatment
(Figure 6A; Figure 6B, bottom, dashed green line). After AMPA or NMDA (Figures 6A and 6C, bottom panels;
Figures 6B and 6D, red lines). These data suggest thatNMDA stimulation, however, HA-GluR2 colocalization
with Lamp1 increased markedly over the ensuing hour internalized GluR3 homomers are sorted to the lyso-
somal degradation pathway constitutively. In summary,(30% at 60 min; Figure 6C; Figure 6D, bottom, solid
Neuron
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Figure 6. Endosomal Sorting of Internalized HA-GluR Subunits
(A and C) Representative merge images of internalized HA-GluR subunits (red) in soma and dendrites of neurons doubled labeled for endosomal
markers (green; overlap in yellow): early endosomal marker EEA1 (upper panels), recycling endosome marker syntaxin 13 (middle panels), or
lysosomal marker Lamp1 (bottom panels), after stimulation for the indicated time with AMPA (A) or NMDA (C).
(B and D) Quantification of the percentage of colocalization of internalized GluR1 (blue ), GluR2 (green ), and GluR3 (red ) subunits with
EEA1, Syntaxin 13, or Lamp1 after AMPA ([C], dotted lines) or NMDA stimulation ([D], solid lines). Each data point represents mean  SEM
(n  15–20 for each subunit and condition).
AMPA Receptor Endosomal Sorting
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Figure 7. Role of NSF Binding and PDZ Pro-
tein Interactions in NMDA-Dependent Lyso-
somal Sorting of GluR2
(A) Representative images of neurons show-
ing colocalization of HA-tagged mutant
GluR2 (as indicated) with Lamp1 at 30 min
after stimulation with AMPA (100 M, 2 min)
or NMDA (50M; 2 min). GluR2(A849-Q853),
GluR2 with five amino acid deletion in NSF
binding site; GluR3(L853V/T854A/T857P),
GluR3 with three amino acid mutations con-
ferring NSF binding ability; GluR2 (C4),
GluR2 with a deletion in the last four amino
acids; GluR2 (S880E), GluR2 with Ser 880 to
Glu mutation.
(B) Quantification of internalized mutant re-
ceptors colocalized with Lamp1 (n  15–20
for each mutant and condition). ***p  0.001
compared with AMPA; **p  0.01 compared
with AMPA.
(C) Immunoblot of total levels of HA-GluR2,
HA-GluR1, HA-GluR2 (A849-Q853), or HA-
GluR2 (C4) expressed via Sindbis virus in
hippocampal cultures, at the indicated time
(min) after NMDA or AMPA stimulation. Blots
were probed with NSF for loading control.
(D) Quantification of change in GluR subunits
and mutants at 120 min after NMDA or AMPA
treatment (normalized to control [t  0]). His-
tograms show mean  SEM, based on three
independent experiments. ***p  0.001 com-
pared with control.
different GluR subunits show different patterns of endo- [GluR2(A849-Q853); Lee et al., 2002] behaved essen-
tially like GluR3 in that it showed significant colocaliza-somal sorting after endocytosis. Of particular interest,
NMDA receptor activation stimulated GluR2 targeting tion (20%) with Lamp1 regardless of whether internal-
ization was induced by AMPA or NMDA or occurredto Lamp1-positive late endosomes/lysomes.
constitutively in the absence of stimulation (i.e., control
incubation) (Figures 7A and 7B). On the other hand, aDomains Responsible for Lysosomal
Sorting of GluR2 mutant GluR3 with three amino acid substitutions
(L853V/T854A/T857P) that confer NSF binding abilityGluR2 showed NMDA-dependent targeting to lyso-
somes, whereas GluR3 was sorted to lysosomes regard- showed increased colocalization with Lamp1 after NMDA
stimulation (20%) compared with AMPA (13%) orless of NMDA receptor activation (Figure 6). One well-
known difference between GluR2 and GluR3 is that NSF control (11%), thus behaving similarly to wild-type
GluR2 (Figures 7A and 7B).interacts with the cytoplasmic tail of GluR2 but not
GluR3. A GluR2 deletion mutant defective in NSF binding We also tested C-terminal mutants: GluR2(4), which
Neuron
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Figure 8. NMDA Receptor Activation Leads
to Lysosomal Degradation of Endogenous
AMPA Receptors after Internalization
(A) Representative images of neuronal soma
showing colocalization of internalized GluR1-
containing endogenous receptors with Lamp1
at 10 and 30 min after NMDA or AMPA stimu-
lation.
(B) Quantification of percent colocalization of
internalized GluR1-containing receptors with
Lamp1 following AMPA or NMDA stimulation
(n  15 per each condition), based on data
represented in (A).
(C) Representative immunoblot of total levels
of endogenous AMPA receptor subunits in
hippocampal cultures at 10, 30, and 120 min
after AMPA or NMDA treatment.
(D) Quantification of change in AMPA recep-
tor subunits as shown in (C), based on three
independent experiments (normalized to
control [t  0]). Dashed lines, AMPA treated;
solid lines, NMDA treated. Error bars indicate
mean  SEM.
(E and F) Blockade of the decrease in the
total AMPA receptor levels (only GluR3 is
shown) by lysosomal protease inhibitors (50
mM NH4Cl, 200 M chloroquin, or 100 g/
ml leupeptin) but not by proteasome inhibitor
MG132 (20 M). Histograms represent mean
GluR3 amount  SEM from three indepen-
dent experiments. GluR1 and GluR2 showed
similar results (data not shown). ***p  0.001
compared with control.
(G) Quantitation of percent colocalization of
internalized endogenous GluR1 with Lamp1
following AMPA or NMDA stimulation (n 10
per each condition), in the absence of TTX
(no TTX) or in the presence of TTX (2 M).
TTX was added 1 hr before (1 hr pre) or 10
min before stimulation with AMPA/NMDA.
lacks the last four amino acids important for PDZ inter- levels decreased by 40% following either AMPA or
NMDA stimulation (Figures 7C and 7D), consistent withaction (thus cannot bind to either GRIP/ABP or PICK1),
and GluR2(S880E), a substitution that blocks GRIP but the “default” lysosomal sorting of these subunits (Fig-
ures 7A and 7B). Thus, these biochemical analyses cor-not PICK1 binding (Chung et al., 2000). Neither of these
two mutations affected NMDA-induced lysosomal sort- roborate the Lamp1 colocalization data. Together, they
indicate that internalized GluR2 is sorted to lysosomesing of GluR2 (Figures 7A and 7B). Taken together, these
results imply that NSF binding rather than PDZ interac- in an NMDA receptor-dependent, PDZ-independent
manner and implicate a role of NSF in this process.tions is important for the NMDA-dependent lysosomal
sorting of GluR2.
Does colocalization with Lamp1 correlate with degra- GluR2 Determines Endosomal Sorting
of Endogenous Heteromeric AMPA Receptorsdation of AMPA receptor subunits? We measured levels
of specific GluR proteins after infecting hippocampal We next investigated the trafficking of endogenous
AMPA receptors after endocytosis, focusing on late en-neurons with Sindbis viruses expressing HA-tagged
GluR1, GluR2, GluR2(4), or GluR2(A849-Q853). As dosome/lysosome targeting. The same antibody feed-
ing assay (but using GluR1 extracellular antibody) wasshown in Figures 7C and 7D, NMDA treatment (50 M
for 2 min, followed by return to conditioned medium) applied to track endogenous GluR1-containing (pre-
sumably GluR1/GluR2) heteromeric AMPA receptors inled to 50% reduction in total HA-GluR2 level by 2 hr.
HA-GluR2(C4) protein level was similarly reduced by cultured hippocampal neurons. AMPA treatment did not
produce a significant colocalization between internal-NMDA (Figures 7C and 7D). AMPA did not affect HA-
GluR2 levels, and HA-GluR1 level was unaltered by ei- ized GluR1 and Lamp1 over 30 min (Figures 8A and
8B). NMDA stimulation, however, strongly increased thether AMPA or NMDA. HA-GluR2(A849-Q853) protein
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colocalization of internalized GluR1 and Lamp1. Be- GluR2, the intracellular accumulation behavior of endog-
enous GluR1 resembled GluR1 homomers (see Figure 2).cause the endogenous GluR1/GluR2 heteromers showed
lysosomal sorting similar to homomeric GluR2, we hy- Neither pSUPER nor ZnT-3 siRNA significantly affected
intracellular accumulation of GluR1 after constitutive orpothesize that GluR2 acts dominantly over GluR1 to
determine NMDA receptor-dependent targeting of agonist-induced internalization. These “loss-of-func-
tion” results support a key role for endogenous GluR2GluR1/GluR2 heteromers to lysosomes. Unfortunately,
we were unable to examine lysosomal sorting of endog- in regulating the redistribution of AMPA receptors from
surface to internal compartments.enous GluR2 (or GluR3) due to technical problems (ex-
tracellular GluR2 and Lamp1 antibody are both mouse
monoclonal; extracellular GluR3 antibody did not work Discussion
for live labeling).
We also examined protein levels of endogenous Dominant Role of GluR2 in Regulated
AMPA receptors by immunoblotting after AMPA or Redistribution of Surface AMPA Receptor
NMDA stimulation. NMDA treatment (50 M for 2 min, to Intracellular Compartments
followed by return to conditioned medium) caused an GluR1-4 subunits confer distinct biophysical properties
30% decrease in the total levels of GluR1, GluR2, and on AMPA receptors (Dingledine et al., 1999). Notably,
GluR3 by 2 hr (Figures 8C and 8D). AMPA had no effect inclusion of the GluR2 subunit renders heteromeric
on these three subunits (Figures 8C and 8D). The NMDA- AMPA receptors Ca2 impermeable (Sommer et al.,
induced reduction of AMPA receptor protein level was 1991; Hume et al., 1991). In recent years, however, it
blocked by three different lysosomal inhibitors (ammo- has become clear that these subunits also have the
nium chloride [50 mM], chloroquine [200M], or leupep- important function of controlling the trafficking of AMPA
tin [100 g/ml]) but not by the proteasome inhibitor receptors. In mature neurons, GluR1 determines the ac-
MG132 (50 M) (Figures 8E and 8F). In combination, our tivity-dependent delivery of AMPA receptors to the sur-
findings indicate that, following internalization, a fraction face and to synapses and acts dominantly over GluR2
of endogenous AMPA receptors are sorted to lysosomes in heteromeric receptors in this regard (Hayashi et al.,
for degradation specifically in response to NMDA recep- 2000; Shi et al., 2001; Passafaro et al., 2001). In immature
tor activation. neurons, GluR4 seems to play this role (Zhu et al., 2000).
This conclusion appears to be at odds with an earlier The synaptic delivery of GluR1 and GluR4 (the so-called
study (Ehlers, 2000), in which AMPA rather than NMDA “long-tail” subunits) driven by certain patterns of activity
stimulation led to Lamp1 colocalization and lysosomal is believed to underlie synaptic potentiation (Malinow
degradation of internalized AMPA receptors. The major and Malenka, 2002). Here, we define the subunit rules
technical difference is that Ehlers preincubated cultures that govern the reverse process—the regulated removal
with tetrodotoxin (TTX, 2 M) for 1 hr prior to AMPA/ of AMPA receptors from surface to intracellular com-
NMDA stimulation. Remarkably, when we preincubated partments. We find that the GluR2 subunit mediates the
with TTX for 1 hr, we found that AMPA stimulation rather inducible redistribution of surface AMPA receptors to
than NMDA caused an increase in colocalization of inter- internal pools in response to glutamate receptor stimula-
nalized GluR1 with Lamp1 (Figure 8G). Inclusion of TTX tion, and it functions dominantly in this respect over
for just 10 min prior to the AMPA/NMDA stimulation GluR1. On the other hand, GluR1 is internalized indepen-
gave the same results as in the absence of TTX. Thus, dently of activity, which is reminiscent of the constitutive
a prolonged (1 hr) preincubation with TTX “reversed” exocytosis of GluR2 (Shi et al., 2001; Passafaro et al.,
the endosomal sorting of internalized AMPA receptors. 2001). Therefore, the subunit rules for AMPA receptor
removal from the neuronal surface are essentially oppo-
site to those that govern delivery to synapses. In theEffect of GluR2 Knockdown on Behavior
of Endogenous AMPA Receptors common heteromeric configuration of GluR1/GluR2,
one subunit of the AMPA receptor determines regulatedTo confirm that native GluR2 is important for controlling
intracellular accumulation behavior of AMPA receptors, redistribution to the synaptic membrane, while the other
controls redistribution to intracellular compartments.we suppressed the expression of endogenous GluR2
using specific siRNA (Passafaro et al., 2003). Transfec- This is a striking example of the diversification of recep-
tor subunits for specific cell biological functions.tion of the GluR2 siRNA construct for 2.5 days in hippo-
campal neurons strongly reduced GluR2 immunostaining The C-terminal cytoplasmic tail of AMPA receptor
subunits determines whether they undergo regulatedintensity (90% decrease compared to nontransfected
neurons) without affecting GluR1 (Figures 9A and 9B). Two redistribution to intracellular compartments, as indi-
cated by tail-swap experiments. The same region alsocontrol constructs, empty vector (pSUPER) or siRNA
targeted against zinc transporter 3 (ZnT-3), which is accounts for the differential regulation of synaptic deliv-
ery of subunits (Shi et al., 2001; Passafaro et al., 2001).expressed in hippocampal neurons (Palmiter et al.,
1996), did not affect either GluR1 or GluR2 expression. Thus, AMPA receptor trafficking to and from the synapse
is presumably controlled by interactions of subunits withHaving verified the specificity of the GluR2 siRNA, we
examined the effect of GluR2 knockdown on internaliza- specific intracellular proteins.
Regulated removal of surface AMPA receptors cantion of endogenous GluR1. GluR2 siRNA increased (2-
fold) the intracellular accumulation of constitutively be achieved by accelerating the rate of endocytosis.
However, an alternative and equally potent mechanisminternalized endogenous GluR1, and this internalization
was no longer enhanced by AMPA or NMDA stimulation would be to slow the rate of recycling of internalized
receptors, which occurs at a rapid pace for AMPA recep-(Figures 9C and 9D). Thus, after specific knockdown of
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Figure 9. siRNA Knockdown of Endogenous GluR2 Deregulates Intracellular Accumulation of GluR1-Containing AMPA Receptors
(A) Specific knockdown of GluR2 protein by GluR2 siRNA. Representative double-label images showing immunostaining for total GluR2 or
GluR1 (green) in neurons transfected with GluR2 siRNA or ZnT-3 siRNA constructs (identified by costaining for cotransfected -galactosidase
[-Gal; red]).
(B) Quantitation of immunostaining intensity for GluR2 or GluR1 in neurons transfected with vector only (pSUPER), GluR2 siRNA, or ZnT-3
siRNA, normalized to untransfected neurons (n  10 per each construct). ***p  0.001.
(C) Representative images of siRNA-transfected neurons stained for -Gal and internalized endogenous GluR1, following 5 min incubation in
conditioned medium (Control), or 2 min incubation in conditioned medium containing 50 M AMPA (AMPA) followed by additional 3 min in
conditioned medium.
(D) Quantitation of endogenous GluR1 intracellular accumulation after internalization, in response to AMPA or NMDA stimulation in nontrans-
fected neurons (Non-txf) or in neurons transfected with the indicated siRNA constructs. Histograms show mean  SEM of the amount of
GluR1 intracellular accumulation per neuron (internalization index), normalized to nontransfected neurons after 5 min incubation in conditioned
medium (n  15 for each condition). ***p  0.001.
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tors. Indeed, our time course experiments combined studies in which NSF-blocking peptides caused run-
down of EPSCs (Lu¨thi et al., 1999; Lu¨scher et al., 1999;with theoretical considerations suggest that the rate of
recycling of GluR2 is an important factor determining the Lee et al., 2002), with selective effect on GluR2-con-
taining receptors (Shi et al., 2001). Thus, one attractivesteady-state intracellular level of internalized receptors
(see Figure 3). Although we cannot exclude a contribu- idea is that NSF inhibits targeting to lysosomes by pro-
moting recycling of internalized GluR2. This hypothesistion from altered rates of endocytosis, our results sug-
gest that the inducible redistribution of surface AMPA is supported by our finding that a GluR2 mutant that
lacks NSF binding sorts constitutively to late endo-receptors to intracellular pools can be largely accounted
for by reduced recycling, with the GluR2-NSF interaction somes, whereas a GluR3 mutant that gains NSF binding
does not. It remains to be determined how NMDA recep-likely to play a regulatory role. PDZ-based interactions
may also be relevant for determining the stability of the tor activation might affect the NSF interaction to divert
GluR2 to lysosomes.internalized pool of receptors (Daw et al., 2000; Fu et
al., 2003). The apparent discrepancy between our findings and
Ehlers (2000) was reconciled by an interesting technical
difference. In the absence of TTX, or with just 10 minGluR2 Determines Endosomal Sorting
preincubation, NMDA stimulates the lysosomal tar-of Internalized AMPA Receptors
geting and degradation of endogenous AMPA recep-After endocytosis, AMPA receptors can follow three
tors. In striking contrast, with 1 hour of TTX preincuba-fates: they can be recycled back to the surface, “re-
tion, receptor targeting to lysosomes was enhanced bytained” within an intracellular compartment, or shunted
AMPA rather than NMDA. Although the molecular basisto lysosomes for degradation. Based on the magnitude
of this reversal of sorting is unclear, we suspect that itand kinetic profile of intracellular accumulation of sur-
might be related to the homeostatic plasticity mecha-face-labeled receptor (see Figure 3), GluR2 seems to
nisms elicited by prolonged suppression of endogenousrecycle more rapidly than GluR1. This is supported by
activity (Turrigiano and Nelson, 2000). Our finding thatthe syntaxin-13 colocalization data, which shows a rapid
NMDA promotes degradation of AMPA receptors isplateau for GluR2 (implying rapid transit through the
more in keeping with the fact that acute bath applicationrecycling endosome) versus gradual accumulation for
of NMDA causes LTD and reduces surface levels ofGluR1. That internalized GluR1 gets “stuck” in syntaxin-
AMPA receptors in hippocampal neurons (Lee et al.,13-positive recycling endosomes is compatible with the
1998; Lu et al., 2001; Iwakura et al., 2001; Lissin et al.,idea that GluR1 insertion into the surface membrane of
1999). Our earlier experiments, in the absence of TTX,cultured neurons occurs slowly in the absence of NMDA
also showed no significant colocalization of internalizedreceptor activation (Passafaro et al., 2001). Indeed, the
GluR1-containing receptors with Lamp1, even after 30progressive accumulation of GluR1 in syntaxin-13 endo-
min AMPA stimulation (Lin et al., 2000).somes was prevented, even reversed, by NMDA stimu-
Using a new GluR3-specific antibody, we found thatlation.
GluR3 accumulated on the neuronal surface at dendriticNMDA receptor activation also affected other sorting
spines. Shi et al. (2001) also observed constitutive tar-decisions, most notably the targeting of GluR2 to lyso-
geting of GluR3-GFP to spines, but these homomericsomes. In the absence of NMDA receptor activation,
receptors were undetectable in synapses by “electro-AMPA treatment caused neither a change in total AMPA
physiological tagging” experiments (Shi et al., 2001). Wereceptor level nor a significant colocalization of GluR2
suggest that GluR3 reaches the dendritic spine surfacehomomeric receptors or GluR1/GluR2 endogenous re-
efficiently but is poorly incorporated into the postsynap-ceptors with Lamp1. By contrast, NMDA receptor stimu-
tic membrane, perhaps because of lack of NSF interac-lation increased the targeting of overexpressed GluR2
tion by this subunit.and endogenous GluR1-containing receptors to late en-
Our results show that the proteasome inhibitor MG132dosomes, which was associated with a significant loss
does not block NMDA-induced reduction of AMPA re-of total AMPA receptor protein. These data suggest that
ceptor protein level (see Figures 8E and 8F). However,NMDA receptor activation diverts internalized AMPA re-
a recent paper reported that MG132 blocks NMDA-ceptors from their normal recycling pathway toward the
induced AMPA receptor internalization (Colledge et al.,lysosome degradation pathway. GluR2 seems to play
2003). Colledge et al. used an hour preincubation ofthe key role in this process, since it is the only subunit
MG132 to block the internalization, whereas we addedthat shows activity-dependent sorting to lysosomes,
MG132 after NMDA stimulation to determine whetherand both GluR1/GluR2 heteromers and GluR2/GluR3
internalized AMPA receptors are degraded by protea-follow the same sorting as GluR2 homomers.
somes. Therefore, it seems that proteasome-dependent
processes are required for the NMDA-induced internal-Mechanisms of Lysosomal Sorting
ization of AMPA receptors but not for the subsequentWhereas GluR2 is directed to lysosomes specifically
degradation of AMPA receptors.following NMDA receptor activation, endocytosed GluR3
is sorted to lysosomes “by default.” The default sorting
of GluR3 to lysosomes could account, at least in part, Implication for Synaptic Plasticity
Internalization of AMPA receptors is believed to be afor the relatively low level of homomeric HA-GluR3 in
intracellular compartments. What mechanism might me- major postsynaptic mechanism for LTD (Bredt and Ni-
coll, 2003; Malinow and Malenka, 2002; Sheng and Lee,diate the activity-dependent lysosomal sorting of AMPA
receptors? NSF binds GluR2 but not GluR3. A role for 2001). Our data indicate an essential regulatory role for
GluR2 in the rapid redistribution of AMPA receptors fromNSF in AMPA receptor recycling has been inferred from
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prepared by inserting HA tag between Gly23 and Phe24 of GluR3surface to intracellular pools. Thus, GluR2 should play
using a PCR-based method. GluR2 siRNA construct was describeda critical role in LTD. This notion is supported by several
previously (Passafaro et al., 2003). ZnT-3 siRNA construct expressesearlier observations: (1) cerebellar LTD is abolished in
the hairpin sequence GGGCATGGATACCCAATGTTTCAAGAGAA
GluR2 knockout mice (Chung et al., 2003); (2) blocking CATTGGGTATCCATGCCC (a gift from Jacek Jaworski; personal
the cycling of AMPA receptors occludes hippocampal communication).
LTD (Lu¨thi et al., 1999; Luscher et al., 1999); and (3) LTD
requires the small GTPase Rap, which appears to act
GluR3 Specific Antibodyspecifically on GluR2/3 (Zhu et al., 2002).
Rabbit polyclonal anti-GluR3 antibody was prepared by affinity puri-
The fact that GluR2-deficient mice still show hippo- fication from antiserum raised against peptide 394NEYERFVPFS
campal LTD (Jia et al., 1996) could be ascribed to the DQQIS408 in the extracellular region of rat GluR3. This antibody rec-
remaining function of GluR3, which also shows inducible ognized GluR3 expressed in COS cells but neither GluR1 nor GluR2
and specifically detected an 105 kDa protein band in brain andintracellular accumulation. More difficult to reconcile is
hippocampal culture extracts corresponding to the size of GluR3that double knockout mice lacking both GluR2 and
(data not shown).GluR3 retain some degree of LTD (Meng et al., 2003).
The formal conclusion from these genetic experiments
is that GluR2 and GluR3 are not absolutely required for Hippocampal Cultures and Transfection
Primary hippocampal cultures were prepared from embryonic dayLTD. However, this interpretation is complicated by the
18–19 Sprague-Dowley rat brains as described (Lee et al., 2002)fact that basal synaptic transmission and survival are
and maintained in Neurobasal medium supplemented with B27 (In-severely impaired in GluR2/GluR3 double mutant mice.
vitrogen) and 0.5 mM glutamine at medium density (150 cellsMoreover, although the degree of LTD normalized to
mm	2; Passafaro et al., 2001). Neurons were transfected at14 DIV
basal synaptic strength was increased, the absolute using the calcium phosphate method (Lee et al., 2002; Passafaro
amount of LTD was reduced (Meng et al., 2003). It is et al., 2001) and were used for staining at 5–7 days posttransfection.
For siRNA experiments, neurons were transfected at 15–16 DIV andpossible that the remaining LTD is due to compensatory
tested 2–2.5 days later.mechanisms that are independent of GluR2/3. Indeed,
LTD in GluR2/3 double knockout mice was only partially
inhibited by an endocytosis-blocking peptide that com- Surface and Intracellular Staining of AMPA Receptors
pletely abolishes LTD in wild-type animals (Meng et al., Neurons were first fixed under nonpermeabilizing conditions by in-
2003; Lu¨scher et al., 1999). In view of the conflicting cubation in 4% formaldehyde/4% sucrose/1
PBS for 8 min at room
temperature and washed three times in 1
PBS for 10 min. Fixedmouse genetic evidence, it was especially important
cells were incubated in ADB (0.1% BSA/4% normal goat serum/for us to show that an “acute” knockdown of GluR2
1
PBS) containing mouse monoclonal anti-HA antibody (cloneexpression by siRNA deregulates the internalization be-
12CA5, 1g ml	1; Roche) overnight at 4C to label surface receptors.
havior of endogenous AMPA receptors. Another genetic After washing, antibody-labeled surface receptors were saturated
study in mice indicated that the phosphorylation state with Alexa488-conjugated secondary antibody (Molecular Probes)
of GluR1 is also important for LTD (Lee et al., 2003). for 1 hr at room temperature. Cells were then permeabilized for
1.5 min in cold (	20C) methanol and incubated for 1 hr with ratA possible explanation is that (de)phosphorylation of
monoclonal anti-HA antibody (clone 3F10; Roche). Labeled intracel-GluR1 is necessary but not sufficient for removal of
lular receptors were visualized by Cy3-conjugated secondary anti-synaptic AMPA receptors.
body. Total endogenous receptors were stained after cold methanol
What is the physiological significance of regulated permeabilization (10 min at 	20C) using 5 g/ml rabbit anti-GluR1
sorting of AMPA receptors following endocytosis? We (Calbiochem), mouse anti-GluR2 (Chemicon), or rabbit anti-GluR3
propose that NMDA receptor-dependent shunting of antibody, diluted in ADB.
AMPA receptors to lysosomes could contribute to a later
phase of long-lasting synaptic depression. The impor-
Fluorescence Intracellular Accumulation Assaytance of the intracellular recycling pool of AMPA recep-
Fluorescent-based internalization assay was performed as de-
tors has been shown by NSF-blocking peptides, which scribed (Lin et al., 2000; Lee et al., 2002) with minor modifications.
cause rundown of EPSC and occlusion of LTD (Lu¨scher HA-tagged surface AMPA receptors were “live” labeled with mouse
anti-HA monoclonal antibody (12CA5, Roche) by incubating cov-et al., 1999; Lu¨thi et al., 1999; Lee et al., 2002). Depletion
erslips in conditioned medium containing the antibody (10 g ml	1)of AMPA receptors by lysosomal degradation would
for 10 min at 37C. After brief washing in prewarmed DMEM, neuronsdecrease the size of the AMPA receptor pool available
were either returned to conditioned medium (for control incuba-for cycling (GluR2/3) and activity-dependent reinsertion
tion) or stimulated for 2 min with 100 M AMPA and 50 M APV or
(GluR1/2), which in turn would lead to reduced levels of 50 M NMDA, returned to conditioned medium and incubated for
synaptic AMPA receptors. Because the cycling pool of the given time. For bicuculline-induced internalization, 40 M bicu-
culline was added to the conditioned medium and further incubatedAMPA receptors is likely shared among multiple syn-
for 15 or 40 min. Neurons were immediately fixed in 4% formalde-apses, it is possible that depletion of intracellular AMPA
hyde/4% sucrose/1
PBS for 8 min at room temperature and sur-receptors by lysosomal degradation would not be syn-
face-remaining receptors were visualized with Alexa488-conjugatedapse specific, possibly accounting for the “heterosynap-
secondary antibody. Internalized receptors were detected with Cy3-
tic” nature of certain forms of LTD (Bear and Abra- conjugated secondary antibody after permeabilzing cells in metha-
ham, 1996). nol (	20C) for 1 min. For testing activity independence of GluR1
internalization, drugs (2 M TTX, 100 M APV, 50 M CNQX, or
5M nimodipine) were added to the HA antibody incubation mediumExperimental Procedures
and were present in the subsequent 10 min incubation. For hetero-
mer experiments, cotransfected receptors were visualized with rab-DNA Constructs
HA-tagged GluR1 and GluR2 in pGW1 were described previously bit polyclonal anti-myc antibody (1:200; Cell Signaling Technology)
after methanol permeabilization in conjunction with Cy5-conjugated(Man et al., 2000). Myc-epitope tag was inserted at the same position
as HA tag in GluR1 and GluR2. HA-tagged GluR3 in pGW1 was secondary antibody.
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Endosomal Sorting Zastrow, M., and Malenka, R.C. (2000). Regulation of AMPA receptor
endocytosis by a signaling mechanism shared with LTD. Nat. Neu-After labeling HA-GluR subunits with HA antibody (10g ml	1, rabbit
HA antibody [Santa Cruz] for costaining with EEA1 and Lamp1; rosci. 3, 1291–1300.
monoclonal 12CA5 for syntaxin-13) or endogenous receptors with Bredt, D.S., and Nicoll, R.A. (2003). AMPA receptor trafficking at
rabbit polyclonal anit-GluR1 (10g ml	1, Calbiochem), neurons were excitatory synapses. Neuron 40, 361–379.
stimulated for 2 min with either 50 M NMDA or 100 M AMPA
Chung, H.J., Xia, J., Scannevin, R.H., Zhang, X., and Huganir, R.L.
(50 M APV) and incubated further for the indicated time in the
(2000). Phosphorylation of the AMPA receptor subunit GluR2 differ-
conditioned medium (for NMDA stimulation) or conditioned medium
entially regulates its interaction with PDZ domain-containing pro-
supplemented with APV (50 M) for AMPA stimulation. Cells were
teins. J. Neurosci. 20, 7258–7267.
fixed in 4% formaldehyde/4% sucrose/1
PBS, and surface-
Chung, H.J., Steinberg, J.P., Huganir, R.L., and Linden, D.J. (2003).remaining receptors were stained with Cy5-conjugated anti-rabbit
Requirement of AMPA receptor GluR2 phosphorylation for cerebel-secondary antibody (1:75). After permeabilization in methanol, endo-
lar long-term depression. Science 300, 1751–1755.somes were immunostained with EEA1 (mouse monoclonal at 1:250
dilution, Transduction Lab), syntaxin-13 (rabbit polyclonal at 1:1000, Colledge, M., Snyder, E.M., Crozier, R.A., Soderling, J.A., Jin, Y.,
gift from R. Prekeris), or Lamp-1 (mouse monoclonal at 1:250, Langeberg, L.K., Lu, H., Bear, M.F., and Scott, J.D. (2003). Ubiquiti-
StressGen) antibodies. nation regulates PSD-95 degradation and AMPA receptor surface
expression. Neuron 40, 595–607.
Image Acquisition and Quantification Daw, M.I., Chittajallu, R., Bortolotto, Z.A., Dev, K.K., Duprat, F.,
Image acquisition and quantification of internalization were done Henley, J.M., Collingridge, G.L., and Isaac, J.T. (2000). PDZ proteins
as described (Lee et al., 2002). The internalization index was deter- interacting with C-terminal GluR2/3 are involved in a PKC- depen-
mined by dividing the computed red fluorescence by total (green  dent regulation of AMPA receptors at hippocampal synapses. Neu-
red) fluorescence. For time course experiments (Figure 3), data were ron 28, 873–886.
fit into one phase exponential association equation using Prism
Dingledine, R., Borges, K., Bowie, D., and Traynelis, S.F. (1999). The
software (GraphPad software, Inc). Hypothetical zero time points
glutamate receptor ion channels. Pharmacol. Rev. 51, 7–61.
were determined by extrapolating the best-fit curves from data sets
Dong, H., O’Brien, R.J., Fung, E.T., Lanahan, A.A., Worley, P.F.,of GluR1 and GluR2 constitutive internalization and AMPA-stimu-
and Huganir, R.L. (1997). GRIP: a synaptic PDZ domain-containinglated GluR2, all of which converged to t0  	2 min. Then, best-fit
protein that interacts with AMPA receptors. Nature 386, 279–284.data were recalculated assuming 	2 min as the zero time point for
each data set. The quality of fit (R2) was higher than 0.99 for all data Ehlers, M.D. (2000). Reinsertion or degradation of AMPA receptors
sets, except for GluR3 that did not fit to into one phase exponential determined by activity- dependent endocytic sorting. Neuron 28,
association kinetics. Colocalization was determined using “colocali- 511–525.
zation” module (Metamorph) by measuring integrated values (area Fu, J., de Souza, S., and Ziff, E.B. (2003). Intracellular membrane
multiplied by intensity) of internalized receptors overlapping with targeting and suppression of Ser880 phosphorylation of glutamate
endosomal markers. To minimize random overlap due to projection receptor 2 by the linker I-set II domain of AMPA receptor-binding
of confocal images, a single optical section from the z series stack protein. J. Neurosci. 23, 7592–7601.
that showed the largest amount of internalized receptors in both
Gruenberg, J. (2001). The endocytic pathway: a mosaic of domains.
dendrites and soma was used to determine the degree of colocaliza-
Nat. Rev. Mol. Cell Biol. 2, 721–730.
tion from each cell. Statistical analysis was performed with Student’s
Hayashi, Y., Shi, S.H., Esteban, J.A., Piccini, A., Poncer, J.C., andt test assuming two-tailed distribution and unequal variation. n is
Malinow, R. (2000). Driving AMPA receptors into synapses by LTPdefined as the number of transfected neurons (taken from 3 inde-
and CaMKII: requirement for GluR1 and PDZ domain interaction.pendent experiments).
Science 287, 2262–2267.
Hume, I.R., Dingledine, R., and Heinemann, S. (1991). Ca2-perme-Receptor Degradation
Hippocampal neurons were stimulated with NMDA or AMPA for 3 ability of KA-AMPA glutamate receptor channels depends on sub-
unit composition. Science 52, 81–85.min and further incubated in conditioned medium (for NMDA stimu-
lation) or conditioned medium supplemented with APV (50 M) for Iwakura, Y., Nagano, T., Kawamura, M., Horikawa, H., Ibaraki, K.,
AMPA stimulation for various times. After washing in ice-cold PBS Takei, N., and Nawa, H. (2001). N-methyl-D-aspartate-induced
two times, total protein was extracted by adding 2
SDS sample alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA)
buffer and boiling for 5 min. Lysosomal inhibitors leupeptin (100 g receptor down-regulation involves interaction of the carboxyl termi-
ml	1), ammonium chloride (50 mM), or chloroquine (200 M) were nus of GluR2/3 with Pick1. Ligand-binding studies using Sindbis
added to the conditioned medium after the NMDA or AMPA stimula- vectors carrying AMPA receptor decoys. J. Biol. Chem. 276, 40025–
tion. Equal amounts of the total lysates were analyzed for the AMPA 40032.
receptor levels by Western blotting with anti-GluR1 (Calbiochem),
Jia, Z., Agopyan, N., Miu, P., Xiong, Z., Henderson, J., Gerlai, R.,
-GluR2 (Chemicon), or -GluR3 antibodies.
Taverna, F.A., Velumian, A., MacDonald, J., Carlen, P., et al. (1996).
Enhanced LTP in mice deficient in the AMPA receptor GluR2. Neuron
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